Campylobacter jejuni is a human pathogen of worldwide significance. It is commensal in the gut of many birds and mammals, where hydrogen is a readily available electron donor. The bacterium possesses a single membrane-bound, periplasmic-facing NiFe uptake hydrogenase that depends on the acquisition of environmental nickel for activity. The periplasmic binding protein Cj1584 (NikZ) of the ATP binding cassette (ABC) transporter encoded by the cj1584c-cj1580c (nikZYXWV) operon in C. jejuni strain NCTC 11168 was found to be nickel-repressed and to bind free nickel ions with a submicromolar K d value, as measured by fluorescence spectroscopy. Unlike the Escherichia coli NikA protein, NikZ did not bind EDTA-chelated nickel and lacks key conserved residues implicated in metallophore interaction. A C. jejuni cj1584c null mutant strain showed an approximately 22-fold decrease in intracellular nickel content compared with the wildtype strain and a decreased rate of uptake of 63 NiCl 2 . The inhibition of residual nickel uptake at higher nickel concentrations in this mutant by hexa-ammine cobalt (III) chloride or magnesium ions suggests that low-affinity uptake occurs partly through the CorA magnesium transporter. Hydrogenase activity was completely abolished in the cj1584c mutant after growth in unsupplemented media, but was fully restored after growth with 0.5 mM nickel chloride. Mutation of the putative metallochaperone gene slyD (cj0115) had no effect on either intracellular nickel accumulation or hydrogenase activity. Our data reveal a strict dependence of hydrogenase activity in C. jejuni on high-affinity nickel uptake through an ABC transporter that has distinct properties compared with the E. coli Nik system.
INTRODUCTION
Hydrogen is an excellent electron donor to bacterial electron transport chains due to the highly negative midpoint redox potential of the H 2 /H + couple (E m7 , 2420 mV). Campylobacter jejuni is a hydrogenase-positive, microaerophilic bacterium (Carlone & Lascelles, 1982) that is commensal in the gastrointestinal tract of poultry, cattle and swine (Nielsen et al., 1997) . It is the major causative agent of human bacterial gastroenteritis in the Western world, commonly contracted through the consumption of contaminated poultry (Wagenaar et al., 2008) .
The C. jejuni NCTC 11168 genome encodes an energyconserving membrane-bound NiFe-type uptake hydrogenase (HydABCD, Cj1267-1264 (Hoffman & Goodman, 1982; Parkhill et al., 2000; Weerakoon et al., 2009) , the HydAB subunits of which are targeted to the periplasm by the twin arginine translocase (Tat) system (Hitchcock et al., 2010) . C. jejuni hydA (cj1267c) encodes the small subunit Fe-S protein, which contains an N-terminal Tat motif; hydB (cj1266c) encodes the NiFe active site containing the large subunit; hydC (cj1265c) encodes a membrane-anchored b-type cytochrome; and hydD (cj1264c) encodes a protease involved in enzyme maturation (Vignais et al., 2001) . A hyp operon (hypFBCDEA, cj0622-0627) encoding accessory genes involved in metal cofactor insertion and enzyme assembly (Jacobi et al., 1992 ) is also present in C. jejuni (Parkhill et al., 2000) , as well as a homologue of slyD, a nickel chaperone required in Escherichia coli for correct hydrogenase maturation (Zhang et al., 2003) .
Hydrogen could be an abundant source of electrons for C. jejuni growing in the gut. Nevertheless, a hydB null mutant shows only a modest decrease in colonization of the caecum of chicks, similar to a formate dehydrogenase (fdhA) null mutant (Weerakoon et al., 2009) . Significantly, however, colonization by a hydB/fdhA double mutant is severely impaired (Weerakoon et al., 2009) . Together, these data suggest that the absence of hydrogenase is compensated for by the presence of Fdh and vice versa in the single mutants of C. jejuni, indicating the importance of both hydrogen and formate as electron donors in the chick caecum. Interestingly, mutational loss of hydrogenase in the closely related Helicobacter pylori, which has a less redundant electron transport chain that does not contain Fdh, completely prevents colonization of a mouse model of infection (Olson & Maier, 2002) .
The synthesis and activity of NiFe hydrogenase will clearly depend upon an exogenous supply of nickel. Nickel transport has been characterized in most detail in E. coli, where a high-affinity uptake system is encoded by the nik locus, consisting of five genes, nikA-nikE (Wu et al., 1991; Navarro et al., 1993) . NikA-E form an ATP binding cassette (ABC)-type transport system, where NikA is the periplasmic binding protein, NikB/C are the transmembrane proteins and NikD/E are the ABC proteins. It was found that nik mutants had cellular nickel contents of less than 1 % that of the parent strain, but that this could be restored by growth in high concentrations of nickel salts (Wu et al., 1989) . Low-affinity nickel transport under these conditions is likely due to the magnesium transporter CorA, which can transport nickel at high concentrations (Smith & Maguire, 1998) .
The mechanism of nickel binding to the E. coli periplasmic NikA protein is complex, and initial studies yielded conflicting results (Addy et al., 2007; Cherrier et al., 2005) . The current consensus is that NikA binds different forms of nickel at two sites, one site that binds free nickel which is distinct from the usual binding cleft (Addy et al., 2007) , and a second site within the cleft that binds chelated nickel (Addy et al., 2007; Cherrier et al., 2005) . However, neither of the measured binding affinities (K d ) of~11 mM for free nickel and~30 mM for nickel-EDTA is consistent with high-affinity transport, although NikA binds iron-EDTA with very high affinity (Addy et al., 2007; Cherrier et al., 2005) . More recent evidence suggests that compounds similar to butane-1,2,4-tricarboxylate (BTC) are possible nickel metallophores that provide a higher binding affinity and represent physiological ligands (Cherrier et al., 2008) . Interestingly, NikA has also been shown to bind haem at a further site, an observation that has resulted in the suggestion that NikA may also play a role as a haem chaperone (Shepherd et al., 2007) .
It is not currently known how C. jejuni obtains nickel to maintain hydrogenase activity. Here, we show that the cj1584c-cj1580c genes in C. jejuni NCTC 11168 (designated nikZYXWV) encode an ABC-type nickel uptake system that is similar in organization to the E. coli NikABCDE transporter. Mutational inactivation of the gene encoding the predicted periplasmic binding protein (nikZ; cj1584c) reduced nickel uptake and abolished hydrogenase activity. However, although purified recombinant C. jejuni Cj1584 (NikZ) was found to bind free nickel with high affinity, it did not bind chelated nickel in the form of nickel-EDTA, features markedly different from the E. coli NikA protein, but consistent with the lack of conservation of key residues implicated in metallophore binding. Finally, hydrogenase maturation was shown to require nickel, but unlike in E. coli was SlyD-independent and could be maintained in a cj1584c mutant when supplied with exogenous nickel at high concentrations.
METHODS
Media, bacterial strains, growth conditions and cell fractionation. C. jejuni strain NCTC 11168 was routinely grown on Columbia agar (Oxoid) containing 5 % (v/v) lysed horse blood and 10 mg ml where appropriate. Liquid cultures were grown in Mueller-Hinton broth (Oxoid) additionally containing 20 mM L-serine (MHS) under microaerobic conditions as described above with continuous shaking at 180 r.p.m. E. coli strains DH5a and BL21(DE3) were routinely grown on solid or in liquid Luria-Bertani (LB) medium (Melford Laboratories) at 37 uC, with chloramphenicol or carbenicillin (50-100 mg ml -1 final concentration) added where appropriate. For periplasmic preparations of C. jejuni, MHS cultures (250 ml) were grown to early stationary phase and cells were fractionated as described previously (Hitchcock et al., 2010) .
DNA manipulation and construction of mutants. Isolation and restriction enzyme digestion of plasmid DNA from E. coli were performed as described by Sambrook et al. (1989) . PCR primers are detailed in Table 1 , and all PCRs were performed with Accuzyme (Bioline). The coding region of cj1584c from nucleotides 52 to 1533 (removing the N-terminal 17 residues of the signal sequence) was amplified from genomic DNA using the specific primers 1584-F and 1584-R, and the resulting fragment was cloned into pET-21a(+) (Merck Chemicals) utilizing NdeI and XhoI restriction sites, creating plasmid pET1584. This plasmid was used both for overproduction of the Cj1584 protein (see below) and for mutagenesis. A chloramphenicol acetyltransferase (cat) cassette with its own promoter (Wang & Taylor, 1990 ) was PCR-amplified using primers cat-F/cat-R and cloned into a unique ClaI site in cj1584c in the same transcriptional orientation to create pET1584cat. Transformation of this plasmid into C. jejuni NCTC 11168 was carried out by electroporation, and transformants were selected on blood agar plates containing chloramphenicol. Correct insertion of the resistance cassette was checked by PCR on genomic DNA as template using gene-specific primers 1584-F and 1584-R.
An initial construct for slyD (cj0115) mutagenesis was generated in which the slyD ORF was interrupted by insertion of a kanamycinresistance cassette (kan) with its own promoter (van Vliet et al., 1998) . The 570 bp slyD gene was amplified with approximately 200 bp of both up-and downstream flanking DNA using primers slyD-F/slyD-R, resulting in a 969 bp PCR product which was cloned into the EcoRI site of pGEM3Zf(2). The kan cassette was amplified using primers kan-F/kan-R and inserted in the same transcriptional orientation at the unique MfeI site in the slyD gene, creating pslyDkan. However, transformation of wild-type C. jejuni with pslyDkan did not result in any mutant colonies. The slyD gene is translationally coupled to the downstream fabD (cj0116), encoding malonyl-CoA : acyl-carrier protein transacylase (MCAT), an essential fatty acid biosynthesis enzyme (Verwoert et al., 1994 ). An overlap extension PCR approach in which a ribosome-binding site was engineered upstream of fabD upon slyD mutagenesis, hence uncoupling translation of the two genes, was therefore adopted. Using pslyDkan as template, primers slyD-OLE1 and slyD-OLE2 were used to amplify a 1887 bp PCR fragment consisting of 49 bp upstream flanking DNA, the first 360 bp of slyD, the kan cassette and a 20 bp 39 extension including the same ribosome-binding site found upstream of slyD in the C. jejuni genome. A second PCR using wildtype C. jejuni genomic DNA as template and primers slyD-OLE3 and slyD-OLE4 generated an 870 bp product comprising a complementary 20 bp extension at the extreme 59 end followed immediately by the first 838 bp of fabD. The 20 bp extensions were designed in such a way that the single strands of the two fragments would anneal and subsequent PCR amplification using the extreme primers slyD-OLE1 and slyD-OLE4 would generate a 2737 bp fragment composed of the two individual fragments joined by the overlap region. This fragment was cloned into the EcoRI site of pGEM3Zf(2), generating plasmid pslyDkan2. Plasmid pslyDkan2 was used to transform wild-type C. jejuni, with kanamycin selection. The slyD gene in these mutants was confirmed by PCR to be correctly mutated. The homologous recombination event results in an insertionally interrupted slyD gene and also deletes 210 nt from the 39 end of the gene, which includes the predicted metal binding domain. The correct sequences of all cloned genes were confirmed using automated DNA sequencing (Core Genomic Facility, The Medical School, The University of Sheffield).
Peptide mass fingerprinting. Coomassie-stained SDS-PAGE gel bands were excised, cut into pieces and covered with 100 mM ammonium carbonate (~100 ml). After 15 min the supernatant was removed and the washing step repeated. The final supernatant was removed and acetonitrile (50 ml) added. After incubation at room temperature for 15 min, the acetonitrile was removed and the gel pieces were dried in vacuo, then rehydrated with 40 mM ammonium bicarbonate in 9 % (v/v) acetonitrile (50 ml). Trypsin (0.5 mg) was then added and digestion was carried out at 37 uC for 16 h. The supernatant was removed and dried for analysis by MALDI-MS (Department of Chemistry, The University of Sheffield). Monoisotopic peptide masses were analysed using the MASCOT search tool (Matrix Science; http://matrixscience.com). MOWSE (molecular weight search) scores greater than 55 were statistically significant at P,0.05.
Overproduction and purification of Cj1584. The cj1584c gene was expressed under the control of the IPTG-inducible T7 promoter in plasmid pET1584 created as described above, which resulted in the production of a protein lacking a C-terminal His-tag. E. coli BL21(DE3) (pET1584) was grown in LB medium containing carbenicillin at 37 uC to OD 600 0.6, 0.5 mM IPTG was added, and the cells were grown further at 25 uC with shaking at 250 r.p.m. for 24 h before harvesting by centrifugation (10 000 g, 10 min, 4 uC). Cell pellets were resuspended in 25 mM phosphate buffer, pH 8 (buffer A). Cells were disrupted by sonication (MSE Soniprep; 6615 s bursts), with soluble protein isolated as the supernatant after centrifugation (10 000 g, 15 min, 4 uC). This was loaded onto a DEAE FF crude 5 ml column (GE Healthcare) in buffer A. Under these conditions (pH 8), the Cj1584 protein did not bind to the column; the flow-through was collected and the pH adjusted to pH 8.7. Anion-exchange chromatography was then repeated in 25 mM phosphate buffer, pH 8.7 (buffer B), on a DEAE FF crude 5 ml column (GE Healthcare). At this slightly higher pH, the protein bound and was eluted with a linear gradient from 0 to 1 M NaCl. Fractions containing pure Cj1584 were pooled, aliquoted and stored at 220 uC for further use. Purity was judged by Coomassie blue staining on 12 % SDS-PAGE gels.
Unfolding and refolding of Cj1584. Pure Cj1584 was unfolded in 20 mM MOPS buffer, pH 8, containing 4 M urea and 1 mM EDTA (buffer C) for 20 min at 4 uC, then concentrated 20-fold using 10 kDa cut-off Vivaspin 20 centrifugal concentrators at 4 uC. This was repeated once before 1 ml unfolded Cj1584 was refolded in 20 ml 20 mM MOPS, pH 8, containing 1 mM EDTA (buffer D) and dialysed [8000 Da molecular weight cut off (MWCO) BioDesignDialysis Tubing; Fisher] at 4 uC against 3 l volumes of 20 mM MOPS, pH 8, with 500 mM MgCl 2 (buffer E) to completely remove EDTA. A final dialysis was performed at 4 uC against multiple 3 l volumes of 25 mM MOPS buffer, pH 8 (buffer F), to remove On: Sat, 26 Jan 2019 00:13:57
remaining MgCl 2 -bound EDTA, and concentration to 1 ml was performed using 10 kDa MWCO Vivaspin 20 centrifugal concentrators.
Fluorescence spectroscopy. Changes in the intrinsic UV fluorescence of Cj1584 were recorded on a Cary Eclipse fluorimeter (Varian) in 20 mM MOPS buffer, pH 8, at 37 uC with excitation at 280 nm (5 nm slit width), and emission was measured at 300-400 nm (20 nm slit width). Ligand titrations were performed with 0.2 mM protein in 20 mM MOPS buffer, pH 8, at 25 uC with l ex 280 nm and l em 340 nm using 5 nm excitation and 20 nm emission slit widths, respectively. All titrations were corrected for dilution effects. For calculation of K d values, data were averaged and the hyperbolic curve-fitting algorithms in SigmaPlot were used to analyse the data, by fitting to a one-site binding model.
Hydrogenase assays, cytochrome spectroscopy and respiration studies. For hydrogenase assays, C. jejuni cells were grown overnight in liquid MHS medium, with or without the addition of 500 mM NiCl 2 , as previously described (Hitchcock et al., 2010) . Specific activities were calculated using a molar absorption coefficient for methyl viologen of 11.8 mM 21 cm 21 at 585 nm. H 2 -reduced minus air-oxidized cytochrome difference spectra were measured in intact cells suspended in 25 mM sodium phosphate buffer, pH 8, at 37 uC using a Shimadzu UV-2401PC spectrophotometer. 2-Oxoglutarate-dependent oxygen consumption was measured in a Clark-type oxygen electrode as previously described (Hitchcock et al., 2010) with 10 mM substrate. Whole-cell protein concentrations were determined by the method of Markwell et al. (1978) .
Metal ion quantification by inductively coupled plasma (ICP)-
MS. Cell cultures were grown in triplicate to early stationary phase and harvested by centrifugation (10 000 g, 10 min, 4 uC). Pellets were then resuspended in 20 ml MilliQ H 2 O, with centrifugation and resuspension repeated three times. Cell pellets were finally resuspended in 6 ml MilliQ H 2 O with 5 ml taken for ICP-MS and 1 ml for whole-cell protein assay (Markwell et al., 1978) . ICP-MS was performed using a Perkin-Elmer Elan 6100 instrument (Centre for Analytical Sciences, Department of Chemistry, The University of Sheffield).
Measurement of 63
NiCl 2 uptake into cells. Three independent cultures of wild-type C. jejuni NCTC 11168 and the cj1584c mutant were grown overnight in MHS medium under standard microaerobic conditions; the cells were harvested by centrifugation (10 000 g, 4 uC, 10 min), washed once by resuspension in 50 mM sodium phosphate buffer, pH 7.0, and recentrifuging, and then finally resuspended in 1 ml 50 mM sodium phosphate buffer, pH 7.0, and stored on ice. An aliquot (0.1-0.2 mg protein) of the cell suspension was added to 2 ml phosphate buffer supplemented with 1 mM sodium formate in a Clark-type oxygen electrode chamber fitted with a tube that allowed the incubation mixture to be gently sparged with air. The cells were allowed to equilibrate by gently stirring at 37 uC for 3 min, and the assay was initiated by the addition of 63 NiCl 2 (Amersham Pharmacia; specific activity 14.8 GBq mmol 21 ) to various final concentrations as indicated in the text and figures. For substrate competition assays, cells were incubated with the competing substrate for 1 min before 63 NiCl 2 was added and transport rates were measured. In all cases, 0.1 ml samples were withdrawn at timed intervals and collected by vacuum filtration through membrane filters (0.45 mm pore-size), and then washed once with 10 ml stop buffer (50 mM sodium phosphate buffer, pH 7.0, containing 1 mM unlabelled nickel chloride). Sample filters were immersed in Filter-Count scintillation cocktail (Perkin Elmer) and counted in a Beckman Coulter LS6500 scintillation counter.
RESULTS
Identification of a putative nickel ABC transport system and characterization of a cj1584c mutant Inspection of the C. jejuni NCTC 11168 genome sequence suggested that the most likely candidates to encode a highaffinity nickel uptake system were the genes cj1584c-cj1580c, annotated as an oligopeptide ABC transporter (Parkhill et al., 2000; Gundogdu et al., 2007) . Searches via BLAST using the sequence of the predicted periplasmic binding protein Cj1584 showed similarity to a large number of proteins in the oligopeptide/opine/nickel binding protein family (included in TCDB family 3.A.1.5.3; Saier et al., 2006) . Cj1584 (511 aa) shows 26 % identity and 47 % similarity over 485 residues to the E. coli NikA protein (524 aa), but lacks key residues implicated in ligand interaction (see Fig. S1 available with the online version of this paper and Discussion). A cj1584c mutant strain was created through insertion of a chloramphenicol acetyltransferase cassette in the same transcriptional orientation as cj1584c (Fig. 1a) , and was confirmed by PCR on genomic DNA with primers 1584-F and 1584-R (Table 1) for the 59 and 39 ends of cj1584c, which gave the expected product size of 2.4 kb and with a forward primer within the gene, and a reverse primer for the 39 flanking sequence (primers 1584mut-F and 1584mut-R; Table 1), which gave the expected 1.04 kb product (data not shown). Downstream of the cj1584c-cj1580c genes is the nuo operon, encoding homologues of the NADH dehydrogenase complex (Fig.  1a) . In C. jejuni these genes have been shown to be essential for 2-oxoglutarate respiration (Weerakoon & Olson, 2008) . We showed that the cj1584c mutant and its wild-type parent strain had similar rates of 2-oxoglutarate-dependent oxygen consumption [92±13 and 73±10 nmol min 21 (mg cell protein)
21
, respectively], demonstrating that there were no deleterious polar effects resulting from the insertion mutation in cj1584c. Periplasmic extracts from C. jejuni isogenic NCTC 11168 and cj1584c strains grown to early stationary phase in unsupplemented and 500 mM NiCl 2 -supplemented MHS media were prepared and analysed by SDS-PAGE (Fig. 1b) . An approximately 57 kDa periplasmic protein present in the periplasm of wild-type cells grown in unsupplemented MHS was found to be absent in the cj1584c mutant. This protein was identified as Cj1584 by peptide mass fingerprinting after trypsin digestion and MALDI-MS (MOWSE score of 57, P,0.05). Most significantly, Cj1584 was not visible in periplasm from wild-type cells grown with 500 mM nickel supplementation (Fig. 1b) , suggesting that its expression is strongly regulated by nickel availability.
Purified Cj1584 binds free nickel ions with submicromolar affinity
The Cj1584 protein was overproduced at 25 u C using strain E. coli BL21(DE3) (pET1584) and purified to homogeneity by anion-exchange chromatography methods as shown in Fig. 2(a) . Addition of 20 mM NiCl 2 to 0.2 mM protein resulted in no detectable change in the fluorescence emission spectrum (data not shown). However, addition of 25 mM EDTA to the as-isolated protein resulted in 21 % greater fluorescence and a shift in the emission maximum from 338 to 342 nm (step 1 in Fig. 2b ). This suggested the presence of bound metal ions that were being removed by the EDTA. Further addition of equimolar NiCl 2 after the EDTA did not result in any further change in fluorescence (step 2 in Fig. 2b) , while a subsequent addition of a twofold molar excess of NiCl 2 (step 3 in Fig. 2b ) resulted in a 29 % quench in fluorescence and a shift of the emission maximum from 342 back to 338 nm. These data provide evidence that the protein is unable to bind a Ni-EDTA complex but does bind free nickel ions. To show that Cj1584 recognizes and binds free nickel ions with high affinity, we completely denatured the protein in 4 M urea in the presence of EDTA, then refolded it in urea-free buffer containing EDTA, followed by extensive dialysis against EDTA-free buffer. The refolded protein displayed a fluorescence emission spectrum (Fig. 3a) similar to the EDTA-treated un-denatured protein (Fig. 2b ), indicating that refolding had been successful. Addition of excess NiCl 2 alone now resulted in a 27 % quench in fluorescence at the emission maximum, which shifted from 342 to 336 nm (Fig. 3a) . The fluorescence change could be titrated to give a K d value of 0.61±0.07 mM (Fig. 3b) . Excess free cobalt ions also bound to the protein, resulting in a 24 % quench in fluorescence, with a shift from 342 to 338 nm in the emission maximum (Fig. 3c) , while addition of zinc ions had no effect at all on the emission spectrum (Fig. 3d) . No fluorescence change resulted from the addition of 25 mM Ni-EDTA to the refolded protein (data not shown). Thus, taken together, the data show that Cj1584 can specifically bind free nickel and cobalt ions but not zinc ions, and do not provide any evidence for binding of a Ni-EDTA complex. Purified Cj1584 exhibited no change in fluorescence emission in the region 300-400 nm upon addition of the dipeptides Ala-Gln or Gly-Glu (data not shown), indicating that the protein does not bind these peptides.
Mutation of cj1584c results in loss of intracellular nickel and decreased uptake of 63 
Ni

2+ ions
To investigate the in vivo role of Cj1584, the total cellular metal contents of wild-type NCTC 11168 and cj1584c mutant strains were subjected to ICP-MS analysis. A total of 16 metal species were quantified ( Table 2) . Four of these (nickel, molybdenum, iron and manganese) showed a significant difference (P,0.05) between the strains. Nickel content was decreased about 22-fold in the cj1584c mutant compared with wild-type, while manganese, iron and molybdenum showed much smaller fold changes (ranging from about 1.4-to 1.7-fold, respectively; Table 2 ). Clearly, inactivation of cj1584c specifically reduces the cellular nickel content. The effect on transport was tested directly by performing 63 NiCl 2 uptake assays with washed intact cells (Fig. 4) . At very low nickel chloride concentrations (10 nM) a fourfold difference in uptake rates was observed (Fig. 4a) . This decrease in uptake rate in the mutant is rather small compared with the large effect of the mutation on cellular nickel content. As 63 NiCl 2 concentrations were increased to 50 nM and above the difference in uptake rate between wild-type and mutant strains was reduced to less than twofold, indicative of the operation of an additional low-affinity transporter. No evidence of saturation was obtained at 63 NiCl 2 concentrations up to 30 mM (data not shown). To investigate whether this low-affinity nickel transport was due to the magnesium and cobalt transporter CorA, 63 NiCl 2 transport assays with the cj1584c strain were performed in the presence of the specific CorA inhibitor hexa-ammine cobalt (III) chloride (Kucharski et al., 2000) , 1 and 2) or MHS cultures supplemented with 500 mM NiCl 2 (lanes 3 and 4). Equal amounts of protein (100 mg) were run on a 12 % SDS-PAGE gel and stained with Coomassie blue. Lane M, 55 kDa band of PageRuler prestained protein markers (Fermentas); lanes 1 and 3, wild-type periplasm; lanes 2 and 4, cj1584c mutant periplasm. The band indicated by the arrow was identified as Cj1584 by peptide mass fingerprinting (MOWSE score 57, P,0.05).
an analogue of the hydrated magnesium cation. As shown in Fig. 4(b) , moderate inhibition (~38 %) by hexa-ammine cobalt (III) chloride was observed. In addition, excess magnesium ions severely inhibited nickel uptake (~75 %), suggesting that CorA-mediated transport is partly responsible for nickel uptake at high micromolar concentrations.
Hydrogenase activity is abolished in the cj1584c mutant and restored by growth with excess nickel
The link between nickel transport and hydrogenase activity was investigated by measurements of H 2 -dependent methyl viologen reduction in intact cells of wild-type and cj1584c strains grown in MHS with or without 500 mM NiCl 2 supplementation (Fig. 5) . Hydrogenase activity was readily detectable in wild-type cells grown without added nickel, while negligible rates were found in a tatC mutant strain (Hitchcock et al., 2010) , which acted as a negative control in the hydrogenase assay (data not shown). Mutation of cj1584 completely abolished hydrogenase activity in cells grown in unsupplemented MHS media (Fig. 5a) . However, when cultured in the presence of excess nickel ions, hydrogenase activity in the mutant was restored to levels similar to those seen in the wild-type grown without added nickel. A significant increase (P,0.05) in hydrogenase activity in the wild-type strain was also noted after growth with added nickel chloride, possibly reflecting a regulatory effect of nickel on hydrogenase expression levels. The effect of inactivation of cj1584c on the ability of hydrogen-derived electrons to reduce (via the hydrogenase) cytochromes in the electron transport chains was also determined, by hydrogen-reduced minus air-oxidized difference spectroscopy (Fig. 5b) . In the cj1584c mutant strain, cytochrome c reduction by H 2 was abolished, as evidenced by the loss of the characteristic absorption peaks of the b-band of cytochrome c at~525 nm and the a-band at~550 nm (Hoffman & Goodman, 1982) , which were clearly apparent in wild-type cells. A difference spectrum similar to that of the wild-type was restored in the mutant after growth with nickel supplementation, consistent with the nickel stimulation of H 2 -dependent methyl viologen reduction seen in Fig. 5(a) .
Nickel accumulation and hydrogenase activity are not affected in a slyD mutant SlyD is a metallochaperone potentially involved in hydrogenase maturation. Initial attempts to insertionally inactivate the C. jejuni slyD gene (cj0115) were unsuccessful, probably due to translational coupling between slyD and the downstream gene fabD. Transformation into C. jejuni of a construct (pslyDkan2) that contained both an inactivated slyD gene (mutated by interruption with a kanamycinresistance cassette and deletion of 210 nt from the 39 end of the gene) and an engineered ribosome-binding site upstream of the fabD gene yielded colonies which were confirmed to be slyD mutants by PCR with primer pairs slyD-F/slyD-R and slyD-OLE1/slyD-OLE4 (Table 1) , which gave the expected 2.2 and 2.7 kb products, respectively (data not shown). The growth rate and final cell yield in MHS medium were unaffected by mutation of slyD (data not shown). A small but significant (P,0.05) increase in the intracellular nickel content of microaerobically grown cells was found in the slyD mutant compared with the isogenic wild-type parent strain (as determined by ICP-MS; Fig. 6a ). Interestingly, no difference in the rate of hydrogendependent methyl viologen reduction was observed between wild-type and slyD mutant cells (Fig. 6a) .
DISCUSSION
The importance of uptake hydrogenases for successful colonization by several pathogens, including Salmonella Nickel transport and hydrogenase activity in C. jejuni enterica (Maier et al., 2004) , H. pylori (Olson & Maier, 2002) and Helicobacter mustelae (Benoit & Maier, 2008) has only been recognized relatively recently (Maier, 2005; Benoit & Maier, 2008) . In this study, we have characterized an ABC-type nickel uptake system in C. jejuni that is clearly required for hydrogenase activity. Sequence similarity between proteins in the oligopeptide/opine/nickel periplasmic binding protein family (Saier et al., 2006) , however, makes it difficult to predict the type of substrate transported by these systems, although our fluorescence data (Fig. S1a) . This shows that none of the key residues known from the crystal structure of NikA to be involved in binding the Ni-metallophore (BTC) is conserved in Cj1584, including His416, which forms the only direct protein-metal bond to the Ni in the metallophore itself (Cavazza et al., 2011) . His56 and His442, which bind nickel ions at a site remote from the metallophore binding cleft in NikA (Addy et al., 2007) , are also not conserved (Fig.  S1a) . Given the obvious differences from NikA in both binding properties and lack of conservation of the key residues, we have designated Cj1584 as NikZ to distinguish it from NikA. Phylogenetic analysis (Fig. S1b) indicates that proteins similar to NikZ exist in other bacteria and cluster as a distinct group separate from NikA and related proteins.
The large decrease in intracellular nickel content in the cj1584c mutant clearly shows that an uptake route through the NikZYXWV transporter is of major importance for nickel acquisition in C. jejuni grown at low external nickel concentrations. The cellular content of several other metals was not markedly altered (although note that cobalt was not measured in these experiments). Nevertheless, the transport data reveal that there are additional potential nickel uptake routes with lower affinity. C. jejuni possesses a CorA homologue (Cj0726) and an additional CorA-like protein (Cj1011). The inhibition of uptake of 10 mM nickel chloride by both hexa-ammine cobalt (III) chloride and magnesium ions is consistent with CorA involvement. However, hexa-ammine cobalt (III) chloride inhibition was modest compared with that reported for the Salmonella CorA (Kucharski et al., 2000) . The abolition of hydrogenase activity in the cj1584c mutant after growth in media with no added nickel indicates that uptake through the ABC system is essential for hydrogenase synthesis at low environmental nickel concentrations (as is likely in the natural gut environment), but the activity of the alternative low-affinity systems during growth with excess nickel is sufficient to restore hydrogenase activity to wild-type levels.
As with other metal ions, homeostatic control of intracellular nickel is essential to maintain nickel supply but avoid toxicity at high concentrations. How this is achieved in C. jejuni is largely unknown. In E. coli, which expresses at least three distinct NiFe hydrogenases (Lukey et al., 2010) plus the nickel enzyme glyoxylase I (Clugston et al., 1998) , expression of the nikABCDE operon is under dual control. Firstly, the global regulator FNR induces the nik operon under low-oxygen conditions, and mutations in fnr abolish nik expression (Wu et al., 1989) . Secondly, the nik-specific repressor NikR allows expression of the nik operon only at low environmental nickel levels (de Pina et al., 1995) . In H. pylori, NikR is crucial to controlling both nickel transport (Ernst et al., 2005; Wolfram et al., 2006) and urease expression (van Vliet et al., 2002) . The H. pylori NikR is a highly pleiotropic regulator that is able to act as a repressor or activator (Ernst et al., 2005) of a large number of genes (Contreras et al., 2003) , as well as responding to low pH (Bury-Moné et al., 2004; van Vliet et al., 2004) . The clear nickel repression of NikL observed in our work is consistent with a similar type of control, but as there is no NikR homologue in C. jejuni (Parkhill et al., 2000) , a different regulator must be involved.
The mechanism of nickel transport identified here in C. jejuni may also exist in its close relative Helicobacter hepaticus, which appears to have a NikABDE-like system (Beckwith et al., 2001; Benoit & Maier, 2008) . However, it contrasts with that in H. pylori and some other helicobacters, where the proton symporter NixA is the major route for high-affinity nickel uptake across the cytoplasmic membrane (Mobley et al., 1995; Benoit & Maier, 2008) . In addition, an active nickel transport mechanism across the outer membrane exists in many helicobacters, in the form of the TonB-dependent FrpB4 protein (Schauer et al., 2007) . The FrpB4 and NixA proteins thus provide a periplasmic binding protein-independent mechanism that efficiently couples outer-and inner-membrane nickel transport.
In H. pylori, nickel is required for insertion into both urease and hydrogenase. The urease is abundant and presumably places a higher demand for nickel upon the cell than is the case with the urease-negative C. jejuni. H. pylori expresses several cytoplasmic nickel-binding proteins (Benoit & Maier, 2008) that are not present in C. jejuni. These include Hpn, an abundant histidine-rich protein (Gilbert et al., 1995; Ge et al., 2006) , Hpn2 (Zeng et al., 2008) , Mua (Benoit & Maier, 2008) and HspA, an unusual GroES homologue. HspA has a C-terminal extension containing a metal binding domain (Cun et al., 2008) that functions in nickel sequestration and detoxification, and in maturation of hydrogenase (Schauer et al., 2010) . The Cterminal extension of HspA is only conserved in and restricted to H. pylori strains and the closely related Helicobacter acinonychis (Schauer et al., 2010) . However, like H. pylori, C. jejuni does encode a SlyD homologue (Cj0115). In E. coli, mutation of slyD results in lower intracellular nickel, failure to process the large subunit of hydrogenase 3 (HycE) and thus decreased hydrogenase activity (Zhang et al., 2005) . These mutant phenotypes were complemented by excess nickel, which suggested that SlyD had a role in nickel insertion into the apohydrogenase rather than preceding steps. This is supported by the interaction of SlyD with the hydrogenase accessory protein HypB (Zhang et al., 2005) , possibly as a trigger of metal release (Leach et al., 2007) . We therefore hypothesized that mutation of slyD in C. jejuni may result in decreased intracellular nickel and a concomitant reduction in hydrogenase activity. However, our data suggest that SlyD does not act as a significant nickel store in C. jejuni. The protein (CjSlyD) has nine histidines, six cysteines and one aspartate in a predicted 42-residue metal binding domain. In H. pylori SlyD (HpSlyD), a 34 amino acid domain contains five histidines and five cysteines (see Fig. 6b , c). These domains are thus rich in potential metal binding residues, but fewer in number and in a different pattern than in EcSlyD (Fig.  6c) . Although mutation of slyD in H. pylori does not result in decreased nickel uptake (Benanti & Chivers, 2009) , the protein has recently been shown to bind nickel and to recognize the TAT signal peptide of HydA (Cheng et al., 2012) . The physiological role of SlyD and the pathway of nickel into the hydrogenase in C. jejuni await further investigation.
